Abstract: Coarse grains are important group of crops that constitutes staple food for large population residing primarily in the arid and semi-arid regions of the world. Coarse grains are designated as nutricereals as they are rich in essential amino acids, minerals and vitamins. In spite of having several nutritional virtues in coarse grain as mentioned above, there is still scope for improvement in quality parameters such as cooking qualities, modulation of nutritional constituents and reduction or elimination of anti-nutritional factors. Besides its use in traditional cooking, coarse grains have been used mainly in the weaning food preparation and other malted food production. Improvement in quality parameters will certainly increase consumer's preference for coarse grains and increase their demand. The overall genetic gain in quality traits of economic importance in the cultivated varieties will enhance their industrial value and simultaneously increase income of farmers growing these varieties. The urgent step for improvement of quality traits in coarse grains requires a detailed understanding of molecular mechanisms responsible for varied level of different nutritional contents in different genotypes of these crops. In this review we have discussed the progresses made in understanding of coarse grain biology with various omics tool coupled with modern breeding approaches and the current status with regard to our effort towards dissecting traits related to improvement of quality and nutritional constituents of grains.
INTRODUCTION
'Coarse grains' is a generic term used to refer cereals other than rice and wheat. It includes barley (Hordeum vulgare), oat (Avena sativa), maize (Zea mays), sorghum (Sorghum bicolor), pearl millet (Pennisetum glaucum) and minor millets such as finger millet (Elusine coracana), foxtail millet (Setaria italica), proso millet (Panicum milaceum), kodo millet (Paspalum setaceum), little millet (Panicum sumatrense) and barnyard millet (Echincloea colona) [1, 2] . Among coarse cereals, millets are better adopted to infertile soils and important edible crops in semi arid tropical regions of Asia and Africa [3] . On the other hand, barley and oat are widely grown in European and North-American countries where they are used as ingredients in diverse food products as well as feed grain for animals and poultry. Additionally, the larger share of barley produce goes to brewery for its high quality malt. The past few years have witnessed increase in the demand of coarse cereals as food products due to several inherent beneficial health effects. Coarse cereals have nutritional value which is comparable or sometimes superior to rice and wheat [2] . In addition to their high calorific value, they are rich in dietary fibers, minerals, essential amino acids *Address correspondence to this author at the Division of Genomic Resources, ICAR-National Bureua of Plant Genetic Resources, Pusa Campus, New Delhi 110 012. India; Tel: 91-11-25842495; Ext: 203; E-mail: rsingh@nbpgr.ernet.in and also source of bioactive compounds having various health benefits [1, 4] . Despite above mentioned benefits, coarse cereals continue to have small share in world's food basket primarily due to the lower acceptability of their food products. The reasons for poor acceptability of the coarse cereals are the unattractive appearance of their food products, poor digestibility of proteins and starch and presence of several anti-nutritional factors [5] [6] [7] . Coarse cereals, except maize, barley and oat, though being the major crops of developing countries have received relatively less research attention than rice and wheat. However, in recent years, there is growing interest in researchers to undertake research in coarse cereals primarily due to their high nutritive value, beneficial health effects and ability to grow in adverse climatic conditions. Furthermore, availability of advanced, high-throughput omics tools has also accelerated fundamental and applied research in crops [8] [9] [10] [11] [12] . Application of these tools has promises to unravel the molecular basis of nutritional quality traits in coarse cereals, which will be instrumental for strategic improvement of their nutritional attributes and enhancing their acceptability. Also, the knowledge of molecular mechanisms underlying high content of various nutritional and bioactive compounds may be used for improvement of these traits in other food crops as well. In present article we have reviewed applications of highthroughput omics tools including genomic analysis procedures such as association-mapping and various other func-tional genomics tools that led to better understanding of quality traits in coarse cereals except maize where it has been dealt extensively in other publications [13] [14] [15] .
NUTRITIONAL QUOTIENT OF COARSE CERE-ALS AND CHALLENGES AHEAD
A balanced human diet contains adequate proportion of various foods that can optimally supply all essential dietary components/nutrients required for overall development. Although, all essential nutrients requirement for proper human growth and development cannot be met from single crop source, and therefore inclusion of adequate quantity of coarse cereals in diet can meet requirements of most of the nutrients as they are rich in minerals, vitamins, crude fibres and essential amino acids. The average nutritional composition of coarse cereals along with rice and wheat is presented in (Table 1 ) [16, 17] . It is interesting to note that coarse grains contain higher amount of micronutrients (Fe and Zn), crude fibres ( Table 1 ) and essential amino acids except lysine and methionine (Table 2) [18] than primary cereals, rice and wheat. The average fat, crude fibre, ash, iron and calcium content of both sorghum and pearl millet are higher than both rice and wheat. Finger millet is one of the richest sources of calcium (350 mg/100 g edible protein) among known foods and has higher level of crude fibre, minerals and sulphur containing essential amino acids than rice and wheat [17, 19] . The crude fibre content of barley is the highest (15.6) followed by barnyard millet (13.6%) and oats (11%)%), which is much higher in comparison to rice (1%) and wheat (2%). Barnyard millet contains substantially higher level of iron (18.6%) than other cereals. Protein content of proso millet (12.5), foxtail millet (11.5) sorghum (10.4), pearl millet (11.8) and barnyard millet are comparable to wheat and their essential amino acids composition is generally superior to both rice and wheat [20] . Moreover, coarse grains are rich in several phytochemials as well, which helps in preventing cardiovascular diseases and cancer, lowering blood cholesterol and in managing obesity and type II diabetes [21, 22] . Barley and oat are the rich source of (1-3, 1-4)--D-glucans commonly referred as -glucan, a soluble crude fibre implicated in reducing blood cholesterol and managing diabetes. Furthermore, many phytochemicals particularly phenolics found in coarse cereals are good antioxidants [23] . Luteolin, a flavone found in sorghum and oat is known for its antioxidant, cancer preventive and antiinflammatory properties [24] . Avenanthramides, exclusively found in oat, has anti-inflammatory, anti-athrogenic and antioxidant properties [25] . Additionally, some varities of millets and oats are gluten free and therefore considered safe alternative foods for celiac patients [26, 27] . The above mentioned nutritional quality features reflect great potential of coarse cereals to address problem of hunger, malnutrition and nutritional insecurity for the large poor population living predominantly in many Asian and African countries. Although coarse grains have rich repertoire of nutritional constituents, their nutritive value is considerably offset by the presence of one or more anti-nutritional compounds such as polyphenols, tannins, phytate, amylase and protease polyphenols, tannins, phytate, amylase and protease inhibitors and various other compounds with harmful health effects [28] . These anti-nutritional compounds are one of the main factors implicated for poor digestibility of starch, protein and reduced bioavailability of minerals and other nutritional compounds in various coarse grains [5, 6, 29] . Phytic acid forms insoluble complexes with multivalent cations and proteins rendering them unavailable for absorption by human body [30] . Similarly, high concentration of polyphenols is one of the reasons for low digestibility of proteins in some coarse cereals as they form insoluble complexes with protein and digestive enzymes. [5] . Goitrogen, a type of polyphenol found in pearl millet bran, is reported to cause goitre by inhibiting the conversion of thyroxine to triidothyronine [31] . Avenin protein of oat is reported to induce immune response in some celiac patients [32] . The high -glucan content of barley is a highly undesirable feature for preparation of good quality malt as it enhances wort viscosity thus reducing beer filterability and also interferes with the enzymes involved in the malting process [33] . Therefore researchers engaged in coarse cereal quality improvement have two fold challenge; i) understanding the complex molecular mechanism involved in synthesis of high amount of various nutritional compounds, and ii) determining the molecular basis of poor digestibility of protein, starch and various other factors responsible for reduced bioavailability of nutritional components.
APPLICATION OF HIGH-THROUGHPUT OMICS TOOLS FOR DISSECTING QUALITY TRAITS
The last decade has seen phenomenal development of high-throughput omics tools, which has allowed researchers to perform comprehensive genome scale analysis for obtaining snapshot of diverse molecular processes in plants. The most widely used high-throughput tools include transcriptomics, proteomics, metabolomics and genomics. The genomics approaches includes TILLING (Targeting Induced Local Lesions In Genomes), RNAi (RNA interference) technology, transposon / T-DNA mediated insertional mutagenesis, VIGS (Virus Induced Gene Silencing) and association mapping [8-10, 12, 34-39] . Application of these tools has expedited identification of genes for various complex plant traits and thus has improved our overall molecular understanding of these traits. With increasing focus of society on role of nutritious foods in general well being and healthy life, researchers are pondering on ways and means to improve grain quality traits. Comprehensive knowledge of genetic and molecular basis of grain quality traits is necessary for designing strategies for their further improvement. However, the researcher have great challenges in dissecting the grain quality components as they are complex; controlled by several major and minor genes and also influenced by environmental condition. In the recent years, studies on coarse cereals have demonstrated the effectiveness of various highthroughput omics tools in analysing grain quality traits. Some of the key studies conducted on coarse cereals have been described and discussed in the following sections.
Barley

Association Mapping
In barley, both candidate gene-based association analysis and genome-wide association study (GWAS) have been applied for understanding molecular mechanisms involved in synthesis and regulation of nutritional components such as (1,3;1,4)--glucan, protein and its relation to (expression of) various malting quality associated traits [40] [41] [42] [43] [44] . Cai et al. [41] reported QTLs for grain protein content on all the chromosomes except 4H in a set of barley collection using GWAS. Further, they found that a major QTL on chromosome 6H, identified as HvNAM-1a NAC transcription factor, determined 40% of the total grain protein content. The finding was extremely important as NAC transcription factor have been reported to influence grain protein content by [41, 45] . Further association mapping has also identified QTLs/candidates genes for other grain quality traits including -glucan, amylose and amylopectin content [42, 43, 46] . Houston et al. [43] have reported significant marker and trait associations for -glucan content in a set of 605 elite barley cultivars using GWAS. This study showed genomic regions on chromosome 2 containing clusters of Csl (Cellulose synthase like) genes including CslF3, CslF4, CslF8, CslF10, CslF12, CslH and CslF9 gene on chromosome 2H were associated with -glucan content, thus reaffirmed that Csl genes must be having role in -glucan synthesis [47] [48] [49] . Another GWAS study in barley identified several major and minor genes for -glucan, amylopectin and amylose content on chromosomes 1H, 5H, 6H, and 7H. HvCslF6, amo1 and AGPL2, sex6, and waxy were among the major genes identified for -glucan, amylopectin and amylose content, respectively and -fructofuranosidase and leucine-rich repeat receptor kinase protein were identified as new candidates for amylopectin synthesis in barley endosperm [42] . Indeed, above studies have demonstrated that HvCsl genes must be playing important role in determining -glucan content of barley. In addition, association mapping studies have identified many QTLs for malting and grain quality traits in barley [40, 44] . Interestingly, a few of the identified QTLs in these studies have been localised in the genomic regions reported to contain QTLs for these traits in earlier studies, which substantiate role of association mapping in underpinning molecular basis of quality traits [50] .
Transcriptomics
Transcriptome analysis tools such as suppression subtractive hybridization, microarray, SAGE (Serial Analysis of Gene Expression), cDNA-AFLP (Amplified Fragment Length Polymorphism) and RNA-sequencing have been widely applied to analyze pattern of gene expression during malting and grain development for understanding molecular regulation of barley quality traits [51] [52] [53] [54] [55] [56] . A cDNA array based gene expression analysis on 10 barley varieties during malting process identified 13-30 candidate genes for each of the six malting component phenotypes ( -amylase, diastatic power, free amino nitrogen, fine extract, malting protein, and soluble/total protein ratio). Few of the identified candidates were localised in the regions, reported to contain QTLs for malting quality associated traits [57] . Development of Affymetrix 22K Barley1 Gene-chip gave significant boost to transcriptomics studies in barley [58] . Comparative transcriptome analysis of four barley varieties at malting stages and un-germinated seed stage using Barley1 Gene-chip identified genes whose expression was correlated with various malting component traits. Out of 700 differentially expressed genes among the barley varieties, varying number of genes depending on varieties, were correlated with six malting quality traits. Genes encoding carbohydrate metabolism enzymes such as glucosidase, limit dextrinase, sucrose synthase I and fructofuranidase I were predominately expressed [54] . Furthermore, a SSH (Suppression Substractive Hybridization) library of the popular malting variety Morex has identified many differentially expressed genes during malting process [54] . In another study genetic diversity among the 15 barley good malting quality varieties, developed in a barley breeding program, has been analyzed using Barley1 Gene-chip [56] . Though there were meager gene expression diversity, still diversity existed in elite lines to be used in breeding program to increase malting quality. Nevertheless, new candidates for malting quality were identified by comparing transcriptome of two latest varieties developed in this breeding program [56] Recently, paired-end-RNAsequencing based transcriptome of developing grains of two hulless Tibetan barley landraces Nimubai and XQ754 has generated wealth of information about the expression pattern of genes involved in biosynthesis of storage compounds such as starch, protein, and -glucan [55] . The HvCslF6 gene was constitutively expressed at a relatively higher level in developing grains tissues that indicated its potential role inglucan synthesis, which corroborated earlier findings [47, 59] . Conversely, HvCslH1, another important gene responsible for -glucan of barley grain was expressing at relatively low level in seed tissues and might be having role in regulating -glucan content [55] . Although, this study reported varying expression of genes involved in biosynthetic pathway of various storage compounds; the putative candidates for each of the storage constituents need to be functionally characterized for their definite role.
Proteomics
Initial proteome analyses in barley were mainly performed to either catalogue seed proteins or differentiate varieties based on differences in grain quality proteins using 2-dimensional gel electrophoresis [60, 61] . However, with the availability of advanced high-throughput proteomic analysis tools [62] , emphasis shifted towards entire proteome to analyze molecular processes during grain development for dissecting grain and malting quality traits [63, 64] . Proteome analysis of a set of barley varieties including malting and non malting type demonstrated that variations in spots across the varieties was due to single amino acid change which was caused by SNPs in the corresponding genes. A single amino acid substitution (Cys-Arg) was responsible for the variation in the -amylase enzyme of two malting type varieties Barke and Morex. This study demonstrated that SNPs can link the proteome level changes to the genome and facilitate identification of proteins/enzyme determining various grain quality traits [64] . Moreover, the proteomics data of barley may be used to identify p-QTLs (protein quantitative trait loci) for quality traits as demonstrated in maize [65] . Following this strategy 48 protein spots have been assigned to chromosomes 1H, 2H, 3H, 5H and 7H on the genetic map using a double haploid population derived from the cross of malting (Scarlett) and feed barley cultivar (Meltan) [64] . In another study, two important malting quality QTLs on cromosome 1H and 4H have been validated in set of introgression lines using grain proteomic analysis. Introgression line carrying wild type allele of malting QTL at 4H demonstrated six fold increase in the level of dextrinase inhibitor [66] . Jin et al. [67] used comparative proteomics to characterize proteins responsible for malt filterability in two most popular malt purpose variety of barley for developing better cultivars. Earlier, entire seed was analyzed as one proteome irrespective of the purpose of analysis. Currently, proteomics study in crops including barley using various seed tissues (embryo, endosperm and aleurone) are considered sub-proteomes for obtaining greater insight into underlying molecular basis of grain quality traits [68, 69] . Further, with the availability of draft barley genome sequence, future seed proteomics studies would be able to shed more light on the molecular basis underlying various grain and malting quality traits, as the protein spots can be identified by just sequencing their Nterminal followed by search for corresponding nucleotide sequence in the barley genome assembly.
Metabolomics
Metabolic profiling is of paramount importance in plants especially for unraveling the molecular mechanism of quality traits as the composition of the metabolic profiles of seed not only determines its nutritional value but also the physical features such as texture, hardiness, grain length, etc. In barley, metabolic profiling studies have been mainly performed to analyze the metabolic changes occurring during the malting process [70, 71] . The identified metabolities may be incorporated in to marker aided selection for improvement of varities. However, a recent study has reported metabolic profiling for grain and malting type quality traits by using UTGC-MS (ultra thin gas chromatography coupled-mass spectrometry) [72] . Such study conducted non-targeted metabolic profiling of 72 barley breeding lines (both two row and six row genotypes) grown at two environmental conditions and revealed close co-variation in metabolite concentrations and 20 quality traits. Both genotype and environment influenced concentration and composition of metabolites, which resulted in variation for quality traits. Moreover, metabolites significantly associated with trait of interest have been individually mapped through its biosynthetic protein to the barley genome ,which is likely to improve our understanding of underlying molecular mechanism governing association of metabolites and quality traits [72] .
Functional Genomics Approaches
In addition to above mentioned 'Omics' tools, various functional genomics approaches such as RNA interference, insertional mutagenesis, TILLING and transgenic technology have also been employed to understand grain quality in barley. RNAi technique has been extensively applied to decode function of various genes associated with starch synthesis. The starch quality of cereals essentially depends on the proportion of amylose vs. amylopectin. The amylose only starch is known to having beneficial health effects and is important desirable quality parameter in cereals [73] . Using RNAi technology, role of starch branching enzymes SBEIIa and SBEIIb in amylopectin synthesis, its chain length distribution and branching frequency in barley has been elucidated [74] . Transgenic barley lines with the both the genes (SBEIIa and SBEIIb) suppressed accumulated higher amount of amylose, however, suppression of either of gene had little effect on amylose content. This suggested that possible functional interaction of SBEIIb as inhibitory role with other SBE isoforms. [74] . Carciofi et al. [75] have developed amylose rich grains by simultaneously suppressing all the starch branching genes (SBEI, SBEIIa and SBEIIb) using a chimeric hairpin targeting components of each of three genes. The structure of amylose rich grains were normal that indicating that amylopectin was not essential for starch granule crystalline structure and integrity. Additionally, several barley mutant lines have been generated through insertional mutagenesis using the Ac-Ds transposon system and may be potentially exploited for identification of quality related genes [76] [77] [78] . Singh et al. [78] generated a mutant population in barley for the genomic region containing malting quality QTLs on chromosome 4H through reactivation of Ds element in transposon tagged lines. Molecular characterization of these lines using inverse PCR identified mutants for various genes including -GAL1, -amylase-like gene and ABC transporter that may be used as tools for molecular analysis of quality traits in barley. Moreover, many TILLING populations are also available in barley [79] [80] [81] [82] [83] , which may be exploited for discovering genes associated with quality traits. With the availability of NGS technologies, entire TILLING populations can be parellely sequenced and analyzed to understand mechanisms involved in synthesis and regulation of various quality traits. Further, HVcslF6 gene, isolated from both mutants ( -glucan less; bgl) and wild type barley have been functionally characterized using transgenic approach. Transgenic tobacco plants expressing wild type HVcslF6 gene demonstrated -glucan synthesis whereas those expressing mutant form of this gene failed to synthesize even trace ofglucan; thus implicating its unequivocal role in -glucan biosynthesis [84] .
Sorghum
Association Mapping
With the availability of sufficient genomic resources, sorghum researchers have started to exploit potential of association mapping for discovering genes and getting detailed molecular level insight of various economically important traits including abiotic stress tolerance, biotic stress tolerance and grain quality [85] [86] [87] [88] [89] . A good number of these association mapping studies are on grain quality traits which have mainly focused on two aspects namely, identifying molecular basis of poor protein content and starch digestibility and deciphering mechanism responsible for high concentration of various nutritional constituents including starch, proteins and micronutrients. A candidate gene based association analysis revealed that polymorphisms in genes of starch biosynthesis (Sh2, Bt, SssI, Ae1, and Wx) and protein content (O2) were significantly associated with various grain quality traits of sorghum. While SssI and Ae1 showed associations with peak gelatinization temperature (PGT), which is influenced by amylopectin amount, the Sh2 was associated with amylose content. Two genes O2 and Wx were associated with hardiness and endosperm texture. However, no association was detected between O2 and grain protein content. Sequence variation positively associated with starch and protein quality may be exploited for marker assisted breeding to develop improved varieties [90] . Association mapping studies in sorghum gained momentum from development of core / mini core sets of world and regional sorghum collections [91] [92] [93] , availability of high-throughput genotyping platforms and availability of high density SNP haplotype maps [94] [95] [96] . Sukumaran et al. [87] applied both candidate genes based and genome wide association analysis (GWAS) in a sorghum collection for mapping of quality traits and has identified significant marker trait association for ten grain quality traits. The two SNPs, one each in starch synthase IIb (SSIIb) and pSB1120 respectively, were significantly associated with starch content. Further, a SNP in starch synthase IIa (SSIIa) was associated with kernel hardiness, which suggests its role in enhancing amylose content. The favourable SNPs identified in the above genes may be targeted for improving starch content and associated with physical quality parameters of sorghum grain. Sorghum grain contains tannin that contributes to its nutritional value as it has several beneficial health effects [24] . However, high tannin content of sorghum is considered to be one of the factors responsible for poor digestibility of the sorghum grain proteins [6] . Application of association analysis along with other approaches demonstrated that nucleotide polymorphism in Tanin-1 (tan-1) gene coding for WD-40 protein controlled tannin biosynthesis in sorghum [97] . The above study led to identification of two non-functional alleles of tan-1, the tan-1a has a 1-bp deletion and the tan-1b has a 10-bp insertion in the coding region. This knowledge may be used for developing markers and consequent improvement of protein digestibility and improving nutritional qualities in sorghum. Recently, molecular basis of starch digestibility which is an another limiting factor responsible for poor acceptability of sorghum was deciphered by applying haplotype trait association analysis of a starch metabolism gene pullulanase (SbPUL) in a collection of sorghum land races. A low frequency haplotype (SbPUL-RA) was demonstrated to be significantly associated with increase starch digestibility regardless of the genetic background [88] . In addition, association mapping has proven equally useful in unraveling mechanism responsible for high content of essential micronutrients such as Zn and Fe. Most recently, Anuradha et al. [89] identified genomic regions and candidates for Fe and Zn content using association analysis in a set of sorghum collection that were genotyped by GBS (Genotyping by Sequencing). The significant marker (SNPs) trait associations for Fe content was identified on chromosomes 2, 4 and 8; and for Zn on chromosomes 1, 3 and 5. Physical positioning of SNPs sowing significant associations on the sorghum genome assembly revealed that they were closely placed to the homologues of the various genes governing Fe and Zn concentration reported in other cereals such as rice, barley and maize. The above studies have demonstrated utility of association mapping in improving molecular understanding of sorghum grain quality traits.
Proteomics
Initial proteomic studies in sorghum mainly focused at characterization of grain proteins and developing proteome based cultivar identity. Nevertheless, few studies have used proteomics for understanding molecular basis of grain quality traits [98, 99] . Roy et al. [98] investigated seed proteome of a popular inbred and mutant line using 2D-GE coupled with MALDI-TOF-TOF-MS (Matrix Assisted Laser Desorption Ionization-Time of Flight-Time of Flight-Mass Spectrometry). Comparison of protein composition between inbred and the mutant genotypes identified various starch and sugar metabolism enzymes / proteins which may be analyzed for their association for various grain quality traits. Additionally, proteomics studies have also improved our understanding of poor digestibility of sorghum seed proteins. In sorghum major storage proteins are kafirins making 70-80% of total endosperm protein. The -kafirin constitutes approximately 80% of total endosperm kafirins is a digestible protein but remains unaccessible. The reason for such has been attributed to its structure and presence of an inter-and intra-sulphide bounded outer layer of indigestible -andkafirins [5] . Therefore, studies have focused on analyzing proteomes of genotypes with varying level of digestibility due to mutation in kafirin genes [99] or transgenic lines in which these genes have been silenced using RNAi technology [100] . Cremer et al. [99] performed comprehensive proteomic analysis in 28 sorghum genotypes containing allelic variations in , and kafirin genes identified previously [101] . Significant variations in concentrations of various proteins were detected across these genotypes which indicated possible involvement of at least a few of them in formation of kafirin-starch complex and inter-protein conjugation responsible for the poor protein digestibility. Thioreoxidin, a small protein was absent in the -kafirin null lines [99] . Various other alcohol soluble proteins were also absent in the -kafirin null lines. These putative proteins may be targeted for improving digestibility of kafirin proteins in agronomically improved varieties.
Trancriptomics and Metabolomics
Studies using transcriptomics and metabolomics to understand grain quality traits have been limited in sorghum. Nevertheless, few studies have analyzed transcriptome of different sorghum tissues for molecular understanding of other important traits and developing transcritome atlas for facilitating functional genomics analysis [102, 103] . Recently, researchers at RIKEN institute in Japan have developed a sorghum transcriptome database 'Morokoshi, containing sorghum trancriptome data of various tissues generated from their own study as well as 23 other previous studies [104] . The sorghum transcriptome data generated in these studies are good genomic resource for deriving information on synthesis and regulation of the various nutritional compounds including starch, protein and fat.
Functional Genomics Approaches
RNAi technology has proven very useful in underpinning molecular basis of poor digestibility of sorghum proteins [105] . Transgenic plants with suppressed kafirin genes have produced grains with higher in vitro digestibility as compared to control plants [100, 106, 107] . These studies endorsed previous findings that suggested kafirins particularly and as the main factor responsible for poor digestibility of sorghum proteins. Although studies on sorghum unanimously agree that suppression of kafirin genes can enhance protein digestibility, but the question remains with regards to number/type of kafirin genes to be silenced/suppressed for obtaining maximum level of protein digestibility. Suppression of the just kafirin was unable to enhance in vitro protein digestibility of cooked flour samples [100] . Recently, it was demonstrated that co-suppression of only two genes, kafirin-1 (25 kDa) and -kafirin-2 (50 kDa), significantly enhanced in vitro protein digestibility and further improvement in digestibility could be attained with suppression of an additional kafirin gene, kafirin A-1(25 kDa) [107] . Besides, RNAi technology has been also applied to suppression of lysine keto-glutarate reductase (LKR), the key enzyme involved in lysine degradation. The transgenic lines with lkr gene suppressed contained significantly enhanced lysine in whole grain (45.23) and endosperm (77.55%) as compared to their non-transgenic parents [103] . Considering the impor-tance of RNAi based technology in enhancing nutritional quality of sorghum it has been applied for developing nutritious sorghum under African bio-fortified sorghum program [108, 109] . The other functional genomics strategies in sorghum are still under development as mentioned below. An EMS induced mutant population of BTx623 inbred line of sorghum has been developed and validated for discovery of gene function using TILLING [110] . This population is invaluable genomic resource for TILLING as the genome sequence of BTx623 inbred line is available [111] . Verma et al. [112] have developed Ds tagged sorghum mutant lines that can be used for identifying and characterizing genes for various traits including grain quality.
Oat
Association Mapping
Association mapping in oat became feasible with development of high throughput markers, such as DArT and SNP [113, 114] . Newell et al. [115] identified three DArT markers significantly associated for -glucan in a germplasm collection of worldwide origin using GWAS. Interestingly, one marker shared sequence homology to a gene on chromosome 7 of rice close to cslF gene family, involved in -glucan syntheis. Another independent GWAS study using North-American oat elite breeding lines also reported DArT markers significantly associated withglucan content and few of them were co-localized in the genomic regions previously reported to contain QTLs for -glucan content. Physical positioning of significantly associated markers on the rice genome demonstrated that two markers were close to the genes involved in -glucan synthesis [116] . The above studies clearly suggest that cslF gene family must be playing role in determining -glucan content in oat. The closely linked markers are being exploited for genomic selection and MAS for enhancing the -glucan content in oat varieties.
Transcriptomics
Application of NGS technologies has greatly facilitated identification of genetic factors responsible for accumulation of high levels of nutritional as well as anti-nutritional compounds in oat. RNA-seq analysis of oat seed developmental stages identified genes involved in biosynthesis of various health promoting substances such as avenanthramides, tocols, and -glucans [117] . In another study, entire transcripts of root, stem, leaf, crown and various stages of seed development have been sequenced to obtain information on the metabolic pathways operating in these tissues [118] . The expression of -glucan synthesis genes varied in different tissues as well as during course of seed development. The transcript of AsCslF4, AsCslF6, AsCslF 8 and AsCslH1 was highly abundant at later stages of seed development. Moreover, in contrast to barley two additional genes AsCslF4 and AsCslF8 were expressed in oat, suggesting involvement of more than one -glucan synthases in -glucan biosynthesis which may be either acting concurrently in the same pathway or in different pathway [118] .
Proteomics and Metabolomics
Chang [119] analyzed different fractions of oat grain proteins (albumin, globulin and glutelin) using proteomic techniques including RP-HPLC (Reverse Phase High Performance Liquid Chromatography), 2D-GE and LC-ESI-MS/MS (Liquid Chromatography Electrospray Ionization Tandem Mass Spectrometry). The knowledge about various fractions of proteins can be combined with other genomics data for detailed analysis of grain quality traits. Metabolic profiling of oat grain has not been reported yet. However, there are reports that have separately analyzed its nutritional constituents [117, 120] , which may be integrated with other omics data for understanding molecular mechanisms of their synthesis and regulation. Separate analysis of tocols in embryo and endosperm tissues of oat during the course of developmemnt revealed different pattern of accumulation of two groups of tocols; tocopherols and tocotrienols [117] . This knowledge, once combined with transcriptomics and proteomics data of seed tissues will be extremely useful in elucidating molecular mechanism responsible for temporal and spatial accumulation of tocols in seed tissues.
Functional Genomics Approaches
Chawade et al. [121] have developed a TILLING population in oat and demonstrated its potential in discovering genes for quality traits. Mutation frequency of this population was high as indicated by presence of large number of mutations in two important genes; phenylalanine ammonialyase (AsPAL1) and the cellulose synthase-like (AsCslF6) involved in lignin and -glucan biosynthesis respectively. Detailed analysis of these mutant lines pertaining to augment our understanding with regard to underlying mechanism of lignin and -glucan biosynthesis will be useful for programs related to enhancing nutritional quality [121] . However, other genomic tools in oat could not be exploited due to large and complex genome and lack of efficient transformation protocol.
Finger Millet
Molecular mechanism responsible for the high calcium content in finger millet grains remains to be one of the challenges before the plant researchers. Recently, transcriptomics studies have given some insight in to the complex mechanism responsible for significantly high level of accumulation of calcium in few finger millet genotypes [122, 123] . RNAseq analysis of developing spikes of two contrasting finger millet genotypes demonstrated higher level of expression of calcium sensor and transport genes in variety with high calcium content. The differentially expressed genes included calcium sensors and transporter genes such as two CDPKs (Calcium Dependent Protein Kinases), four CIPKs (Calcium Interacting Protein Kinases), one calmodulin gene (CaM)), one two-pore channel (TPC) protein, two calcium exchangers (CaX1 and CaX3) and four ATPases [124] . Similar observation were also observed in few of the genes showing high level of expression in calcium rich finger millet genotype, [125] . Studies in plant have mainly focused on calcium exchangers as they are responsible for higher content of calcium in plant. Singh et al. [123] identified 82 calcium sensor genes from the transcriptome data of low and high calcium finger millet genotypes using rice genome as a reference. Application of external calcium has found to significantly enhance expression of some of these genes in calcium rich finger millet variety as compared to low calcium variety. Therefore, calcium sensor genes appear to be responsible for high calcium accumulation in finger millet and constitute important candidates for enhancing calcium content of finger millet varieties. Using RP-HPLC and ESI-MS (Elecrospray Ionization Mass Spectrometry) diverse phenolic compounds which are responsible for the several beneficial health value finger millet grains have been identified [126] .
Foxtail Millet
There has been no reports on application of genomics tools for analyzing grain quality traits in foxtail millet until recent times. However, few studies have used genomics tools for various other traits. Comprehensive genome-wide association mapping for various agronomic traits in foxtail millet has been reported in a set of its 916 diverse varieties [127] . As the agronomic features such as grain weight and panicle numbers have bearing on quality of grains and may be used to obtain their association with nutritional quality. Further core collection representing a small set 153 genotypes of worldwide origin has been developed [128] which may be characterized for quality parameters and associated genomic factors can be identified. Using core collections from India, association mapping were done for key agronomic characters based on SSR markers [129] Transcriptome analysis in foxtail millet have also reported changes in expression of storage compound associated genes during seed development [130, 131] . These transcriptome data may be used to select genes of various pathways involved in biosynthesis and regulation of storage compounds and can be exploited for understanding their role in accumulation of various nutritional compounds. Additionally, transcriptome data from its related species Setaria viridis [132] can also serve a valuable genomic resource for analysis of quality traits. Of note, foxtail millet and S. viridis are now been realized as experimental models [133, 134] .
Pearl Millet
Availability of genomic resources of pearl millet are still in initial stages and likely to be expedited once its reference genome sequence is available in the public domain [135] . Due to such limitation, no major progress has been made towards understanding of molecular mechanisms of quality traits. Availability of genomic and other omics data would likely to facilitate genome-wide studies in genotypes with significantly high level of the Iron and Zinc content [136] . Transcriptome and proteome analysis of seed and other tissues of these genotypes may also help to generate knowledge on proteins and enzyme responsible for their transport and accumulation in grain. Also the available transcriptome data of pearl millet could be used for identifying target genes for quality traits.
Other Minor Millets
Nevertheless, as discussed above for other coarse grains, these tools have great potential for deciphering molecular mechanism underlying various quality traits in other millets. Metabolic profiling among three common proso millet (Panicum milaceum) varieties, it was observed that variety "Joongjuk" possessed high level of primary metabolites [137] . The metabolic network of proso millet may be reconstructed based on metabolite and transcript abundance data to get insight of the various pathways and if combined with other genomics may reveal complex regulation involved in synthesis and catabolism of nutritional compounds particularly some of the essential amino acids (leucine, isoleucine, methionine) which are present in higher quantity than wheat [138] . Compared to other glutinous rich cereals, proso millet have no detectable amylase in the seed endosperm possibly due to mutation in the Waxy gene [139] . In order to develop glutinous varieties, molecular markers have been developed to identify these waxy genotypes, which are of high value [140] .
STRUCTURAL GENOMICS RESOURCES (GE-NOME SEQUENCE AND MARKERS)
Barley
In last decade, low throughput marker techniques including RAPD, AFLP and SSRs were developed and applied for polymorphism study in barley [141] [142] [143] [144] [145] . Subsequently, these markers were used to develop consensus molecular maps and mapping of various traits in barley [146] . Application of these markers has facilitated identification of large number QTLs for -glucan and malting quality traits in barley [147] . However, fine mapping and cloning of these genes could not be achieved due to non availability of high density molecular maps. With application of high throughput detection platform, such as Illumina GoldenGate bead arrays based SNP genotyping platform and DArT markers [148] [149] [150] high density maps have been generated. In addition, NGS based genotyping technologies such as restriction site associated DNA (RAD) and genotyping by sequencing (GBS) [151, 152] have been also applied in barley for identifying genome wide sequence variation in barley genome. For the complex genomes like barley, GBS is a method of choice as it allows complexity reduction through targeted sequencing of non repetitive regions. Moreover, an exome capture strategy that selectively sequence the coding regions of the barley genome has been developed for sequence based mapping [153] . International Barley Sequencing Consortium (IBSC) reported construction of a physical map of barley with 4.98 -giga base pairs (Gb) which predicted 36,151 protein coding genes. The barley physical map was also anchored to a genetic map. The integration of barley physical map with genetic map is an important molecular framework for functional genomics studies for identification of grain and malting quality associated genes. In another independent effort, a research group in China has sequenced genome of a Tibetan hullless variety of barley [154] . The draft barley genome assembly of 3.89-Gb contained 36,151 predicted proteincoding genes. With the availability of large number of genomic resources, researchers are better equipped to perform various genomic studies like high resolution association mapping, map based cloning and physical mapping of genes for various quality associated traits.
Sorghum
Sorghum is one of the extensively characterized crops owing to availability of large number of low and moderate throughput marker resources such as RFLP, RAPD, AFLP and SSR. Some of these markers have been used for map-ping of grain quality traits [155] . Subsequently, various high throughput markers and genotyping platform such as DArT [156, 157] and SNP assays [158] were developed in sorghum. In addition to above, the advanced sequencing based genotyping approaches such as RAD [159] and GBS [160] have been also applied for discovering genome-wide variations and developing high density maps. However, with the availability of draft sorghum genome sequence [111] , resequencing of two sweet and one grain sorghum revealed genome wide variations in both the species [94] . In another independent study, a set five genotypes were sequenced, two generated in this study and three of previous study, used to identify large number of genome wide SNPs [94] . Recently, a comprehensive re-sequencing analysis of 44 sorghum genotypes representing accessions from diverse geographical origin and different sorghum species identified 8 millions high-quality SNPs and 1.9 millions indels. Interestingly, the considered set of genotypes included some of the variety with high quality trait, therefore their genomic information would be very useful in dissecting quality traits [96] . Furthermore, an Illumina Infinium iSelect based assay with 2,670 SNPs is available [161] . Application of such highthroughput technologies is expected to improve our understanding of mechanisms of quality traits through high resolution association and bi-parental QTL analysis and accelerate breeding for the desirable quality traits using genomic selection and predictive breeding.
Oat
One of the initial mapping studies in oat used RFLP markers and identified genomic regions controlling -glucan content on chromosomes 7 and 11 [162] .) Subsequently, an integrated molecular linkage map of oat was constructed using RAPD, RFLP, AFLP and SCAR markers, which assisted mapping of QTLs for various traits including oatglucan and protein content [163] . Moreover, some of the less commonly used markers such as CAPS and SCAR were also developed for the regions governing -glucan and protein content in oat. In later years of the last decade, large numbers of SSR markers were developed in oat [164, 165] . Owing to the large genome size of oat, high-density molecular maps would be required for high resolution mapping of economically important traits. Marker discovery in oat has got boost from high-throughput sequencing technologies [166] . A large number of SNPs have been identified based on sequencing and sequence comparison from a set of cDNA libraries prepared from various tissues of four oat genotypes [159] . Moreover, recently a physically anchored consensus SNP map of oat was also constructed; which constitutes a basic molecular framework for genomic analysis for discovery of genes for quality traits [167] .
Pearl Millet
In pearl millet RFLP and SSR markers are the most widely applied molecular markers for genomic analysis such as assessment of genetic diversity and trait mapping. The first consensus linkage map of pearl millet was constructed using RFLP and SSR markers in four different mapping populations [168] . Recently, consensus molecular map of pearl millet has been constructed using SSR markers in RIL mapping population [169] . Availability of high-density consensus molecular map is extremely useful as it allow exact positioning of QTLs/ genes in the background of different mapping populations. Other marker techniques such as SSCP-SNPs (Single Strand Conformation PolymorphismSingle Nucleotide Polymorphisms) [170, 171] CISP (Conserved Intron scanning Primers) [172] and DArT [173] have been also applied in pearl millet. However, there are no reports on use of high-throughput genotyping technologies such as SNP based assays and GBS in pearl millet. Genomic studies in pear millet are severely constrained by nonavailability of high-density molecular map. Application of high throughput technologies will certainly accelerate discovery of genes/ alleles responsible for various essential amino acids and iron as well as zinc content in pearl millet grains. Pearl millet draft genome sequence is almost ready and likely to be released in the public domain soon [174] . Besides, a HapMap has been also generated using resequencing of 963 pearl millet germplasm lines including 580 B and R-lines, 345 pearl millet inbred genotypes association panel and 38 parental lines of mapping populations [174] . These genomic resources will be very useful for analyzing complex traits including quality traits.
Foxtail Millet
For genomic studies in foxtail millet, largely RFLP and RAPD markers were used [175, 176] , until the generation of SSR markers [177] [178] [179] . However, these markers still constitute important genomic resource for molecular analysis of economically important traits in foxtail millet. Recently, the application of NGS technologies has greatly accelerated generation of structural genomics resources in foxtail. Foxtail millet genome has been independently sequenced by two groups [180, 181] . The research group at BGI (Beijing Genomics Institute), China sequenced cultivar Zhang Gu with draft genome assembly of 450 Mb representing 89% of the genome. In addition, this group also sequenced foxtail millet variety A-2 and compared it with the genome sequence of Zhang Gu, which allowed identification of several thousand SNPs, InDels and structural variations that may be potentially used for developing markers for genomic analysis [180] . Other research group at the Joint Genome Institute (JGI) of the Department of Energy, USA has independently sequenced foxtail millet genotype 'Yagu1', a green foxtail genotype A-10 and a RIL population derived from cross of Yagu1 and A-10 and have also constructed a high density SNP based molecular map using re-sequencing data of the RIL population [181] . Recently, a foxtail millet SNP haplotype map with 0.8 million SNP was constructed using resequencing data of 916 diverse foxtail millet genotypes [182] . This haplotype map may be also employed for discovery of genes for grain quality traits using association mapping based approach. The availability of genome sequence has expedited the development of various sequence based molecular markers such as SSR [183] [184] [185] , ILP (Intron Length Polymorphism) [186] , miRNA-based [187] and transposable elements based markers [180] . The availability of developed marker resources in open access databases such as FmMDb [189] , FmMiRNADb [187] and FmTEMDb [186] would expedite genomics-assisted breeding for crop as well as nutrition improvement [188] .
Other Millets
Genomics in proso milllet were earlier limited to genetic diversity analysis using RAPD [190] and AFLP [191] . However, SSR markers in proso-millet have been also developed using SSR enriched genomic DNA libraries [192] and through transferability of SSRs from related species such as rice, wheat, oat, barley and switch grass [193, 194] . Little millet and Kodo millet have only few reports on use of markers and remains uncharacterized at the genome level. Except one study that has used RAPD [190] , there is no information on the use of markers for molecular analysis in little millet. Similarly, in kodo millet there are two reports on use of markers for deriving genome level information for assessing genetic diversity and phylogeny [195, 196] . Therefore, immediate focus in both the crops should be on generation of large number of genomic resources, which can be applied for the analysis of quality associated traits. In Barnyard millet the advanced genotyping technique GBS has been used for analysing core set of barnyard millet [197] .
FUTURE PERSPECTIVES: (UTILIZING COARSE GRAINS GERMPLASM RESOURCES FOR DECI-PHERING QUALITY TRAITS)
Over the past decades, many national and international organizations have made large collection of genetic resources in coarse cereals, which are conserved in respective gene banks [198] . These germplasm collections are repertoire of genes/ alleles for economically important traits including biotic and abiotic stresses as well as quality traits. However, in the past these genetic resources have been exploited only to limited extent in crop improvement programs due to their limited agronomic features, unmanageable size, lack of tools for large scale molecular and phenotyping characterization. In recent years, plant breeders have given more emphasis on utilization of germplasm collections in crop improvement through development of core or mini core collection representing the maximum available genetic diversity. Since core are smaller in size and it can be easily characterized for various agriculturally important traits including nutritional parameters. Furthermore, availability of advanced genome analysis procedures such as high-throughput genotyping platforms, NGS based re-sequencing and association mapping has provided a way forward toward exploring these cores and mini-core sets for discovering genes for various traits including quality traits. To give a boost in coarse grain research, ICRISAT have developed core / mini core sets in sorghum [199] , pearl millet [200, 201] , finger millet [202] , foxtail millet [203] , proso millet [204] and other minor millets such as barnyard millet, kodo millet, little millet [205] . In barley core sets have been developed from international barley collection [206] , Chinese spring barley collection [207] , Spanish collection [208] and USDA-ARS National Small Grains Collection. These core and mini core sets can be phenotyped for important grain quality traits and analyzed by above mentioned genomic procedures for identifying genomic regions and understanding molecular mechanism for various quality trait. Already some progress has been made in this direction in few coarse cereals as discussed in above section. Recently, a core collection of sorghum was used to identify candidate genes for high Fe and Zn content using association mapping approach [89] . Further, a finger millet core set (622 accessions) phenotyped for grain quality traits such as Zn, Fe and protein content which can be used for discovering genes for these traits using association mapping approach [209] . To speed up the pace of research in coarse grain a concerted effort is the needed to expand the world food basket to feed ever increasing population and dispel the hidden hunger resulting from micronutrient deficiencies in diet.
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